Nano-biotechnology research has become extremely important due to the possibilities in manipulation and characterization of biological molecules through nanodevices. Nanomaterials exhibit exciting electrical, optoelectronic, magnetic, mechanical and chemical properties that can be exploited to develop efficient biosensors or bio-probes. Those unique properties in nanomaterials can also be used in bioimaging and cancer therapeutics, where biomolecules influence the inherent properties in nanomaterials. Effective manipulation of nanomaterial properties can lead to many breakthroughs in nanotechnology applications. Nowadays, two-dimensional (2D) nanomaterials have emerged as viable materials for nanotechnology. Large cross-section area and functional availability of 2D or one-dimensional (1D) quantum limit in these nanomaterials allow greater flexibility and better nanodevice performance. 2D nanomaterials enable advanced bioelectronics to be more easily integrated due to their atomic thickness, biocompatibility, mechanical flexibility and conformity. Furthermore, with the development of 2D material heterostructures, enhanced material properties can be obtained which can directly influence bio-nanotechnology applications. This article firstly reviews the development of various types of 2D heterostructures in a wide variety of nano-biotechnology applications. Furthermore, future 2D heterostructure scopes in bioimaging, nanomedicine, bio-markers/therapy and bioelectronics are discussed. This paper can be an avenue for providing a wide scope for 2D van der Waals (vdWs) heterostructures in bio-and medical fields.
Introduction
Over the past decade, two-dimensional (2D) materials have received great attention for nanotechnology. A big family of 2D materials now exist including graphene [1] , hexagonal boron nitride (h-BN) [2] , transition metal dichalcogenides (TMDs) [2] [3] [4] [5] [6] , transition metal oxides (TMO) [7, 8] , group IV monochalcogenides (MNs) [9, 10] , phosphorene [11] , and MXenes [12, 13] . The excellent optical, electrical, and optoelectronic performance of organic nanostructures [14, 15] , have also hugely motivated towards the investigation of their characteristics into 2D structures. Nowadays, many 2D organic materials such as pentacene, dioctylbenzothienobenzothiophene (C8-BTBT), and poly(tetrafluoroethylene), have been demonstrated [16, 17] . 2D nanomaterials are highly diverse in terms of their intrinsic mechanical, chemical, optical, electronic and magnetic properties, and these properties are dependent upon their thickness, size, shape and surface. Due to the large surface area of 2D nanomaterials, they are suitable for high level surface interactions with biomolecules, in which case their scopes for drug delivery systems have been explored [18] [19] [20] [21] [22] [23] . These nanomaterials have shown superior control in drug releasing kinetics. Moreover, 2D nanomaterials have exhibited interesting bio-compatibility and degradability behaviors [24, 25] . Similarly, these materials can be used in bio-molecular or cell imaging; in addition, semiconducting or plasmonic behaviors of many 2D nanomaterials have been used for imaging of cancerous cells/tissues [26] [27] [28] . Cancerous cell treatment is a major challenge, and traditionally employed chemotherapy and radiotherapy possesses serious consequences in damaging the human body and high recurring rates. A few 2D nanomaterials have exhibited their potential for curing cancer [29] [30] [31] . These early fundamental medical prospective studies in 2D nanomaterials have attracted increasing research interests to explore their use in bio medical applications including drug delivery, tissue engineering, bioimaging and cancerous therapy.
The large surface area to volume ratio of 2D nanomaterials that increases with thickness reduction, their biocompatible nature and highly sensitive mechanical and electrical response with tiny biomolecules have shown their potential as biosensors to measure protein, DNA, RNA, etc. [32] [33] [34] . Tailoring 2D nano material's various properties such as mechanical, electronic, optical or optoelectronic with bio molecular functionalization expands their scopes in modern nano bioelectronics [35] [36] [37] . Most recently, Neupane et al. observed a huge enhancement in field-effect mobility and current on/off ratio in monolayer MoS2 by stretching of DNA molecules over the MoS2 lattice [38] . In recent years, surgical implants are the most popular method to treat bone fractures and other diseases [39] , but this implant also requires good biosafety and antibacterial properties to avoid rejection and infection. Good treatment of infective bone defect should satisfy both infection control and reconstruction of bone defects simultaneously, where, graphene and derivatives have satisfied both requirements for bone repair [40] . Many TMD based nano materials such as MoS2, WS2 and WSe2; other 2D nanomaterials such as MXene and graphene derivatives have also shown excellent antibacterial performance against bacterial cells such as Escherichia coli K-12 MG1655 cells, Staphylococcus aureus (MRSA) and Pseudomonas aeruginosa, etc. [41] [42] [43] [44] [45] . Hence, 2D nano materials are an exciting alternative to demonstrated materials such as bio-ceramics, calcium phosphate and hydroxyapatite that are currently used for bio safety and antibacterial activity in both surgical implant and diseases [46, 47] .
Extensive research in nanomaterials has outlined future nano-technological applications for medical, biosensing and bioelectronics that will be governed by large family of 2D nanomaterials. With these motivations, in-depth studies for real-life applications of 2D nanomaterials are in rapid progress; i.e., i) comparison studies of many 2D nanomaterials for recognizing the best material for a particular purpose, and ii) employing various nano-engineering schemes for enhancing the performance of the 2D nanomaterial. More engineering techniques in nano-technology are in-organic or organic nanoparticles/plasmonic nanoparticles/quantum dots hybridization, chemical modifications, plasma treatment, electric gate biasing, strain engineering and the formation of heterostructures, etc. [17, [48] [49] [50] [51] [52] [53] . This review will attempt to direct the research prospectus of 2D nanotechnology in the biomedical, sensing and bioelectronics fields. The focus of this article is to determine the best 2D nanomaterials van der Waals (vdWs) heterostructure for specific applications in an underlined field. A schematic of 2D vdWs heterostructures for significant performance enhancement and their suitability in practical applications is shown in Fig. 1 . 
2D platforms for bio/medical applications
The large surface area to volume ratio and uniquely inherent material properties in mono-to few-layer 2D nanomaterials make them suitable to interface with a variety of chemical functional groups contained in biomolecules. The unique electrical, optical, magnetic and mechanical properties of 2D nanomaterials have been utilized for sensing biomolecules, bioimaging, drug delivery and releasing inside the body, cancer therapies, antibacterial activities and biosafety. Herein, a variety of 2D material platforms for bio/medical applications are summarized and discussed.
Metallic 2D stage
2D nanomaterials owning zero band gap represent 2D metallic nanomaterials on where conduction and valence bands meet at the Dirac points. In particular, 2D metals exhibit a "sea" of delocalised electrons. 2D metallic nanomaterials have recently received extensive research interest because of their fascinating properties including mechanical flexibility, high electrical conductivity, and chemical stability. Among the various nanomaterials, graphene is the first metallic 2D material used in the biomedical field. With the introduction of various graphene derivatives such as graphene oxide (GO) and reduced graphene oxide (rGO), 2D nano materials' applications in the biomedical field rapidly expanded. GO and rGO possess a wide variety of functional groups such as carbonyl, carboxyl, hydroxyl, epoxy, etc., which are all bio-compatible, and hence can easily couple with bio-molecules including antibodies, enzymes, DNA, RNA, proteins or even with biological cells and tissues [54] . The functionalization of graphene, GO or rGO with such biological molecules allows changes in charge density, electronic mobility or mechanical strain in the lattice to be detected, which in turn, detects a tiny amount of biological molecules [54] . Hence, various bio sensors can be developed based on graphene and its derivatives. Owing to their ultrahigh surface-to-volume ratios, these 2D materials provide suitable nano platforms to load various functional molecules, biomolecules, and drugs for constructing bio-probes or drug delivery systems [18, 54] . Until this date, graphene and its derivatives are widely used for the diagnosis of cancer, its therapy, bioimaging, antibacterial activities, and biosafety [18, 36, 44, 54] . Similar to graphene, newly discovered MXenes have also been applied for the detection of bio-molecules [55] , and dopamine [56] . Moreover, MXenes have been used as an antibacterial agent and for monitoring the spiking activity of hippocampal neurons [57, 58] . Hence, with considering the broad applications of graphene, its various derivatives, and much recently explored scopes of MXene for many medical applications from cancerous diagnosis/ therapies through bioimaging and antibacterial activities up to monitoring the spiking activity of hippocampal neurons; metallic 2D nanomaterials deserve high potential for real-time medical applications.
Semiconducting 2D stage
2D semiconductors possess relatively a wide band gaps from ~ 0.3 to 4 eV [59] [60] [61] [62] . These 2D nanomaterials exhibit stronger piezoelectric coupling than traditionally employed bulk forms. Based on directional optical, electrical and or optoelectronic behaviour, these nanomaterials are classified into in-plane isotropic (mainly TMDs) and anisotropic materials (MNs, BP etc.). Specially, 2D semiconducting nanomaterials having hexagonal lattice structure perform isotropic behaviour, but the anisotropic behaviour comes out due to unique puckered lattices structure [63] . Band gap of 2D isotropic nanomaterials turns from indirect to direct when they are thinned down to monolayer; instead, 2D anisotropic nanomaterials exhibits direct band gap behaviour [63] .
After graphene, various TMDs such as MoS2, MoSe2, WS2, and WSe2 are widely studied for bio-medical and sensing purposes. TMDs share some common features with graphene, while they also have some unique properties compared to graphene. The unique optical properties existing in TMDs have broadened their scopes for optical bio-sensing and photoresponsive therapy [26] . TMDs have a strong fluorescence quenching ability for biomolecules and are being used as novel nanoquenchers for sensitive fluorescent biosensors [64, 65] . Due to the ultra-small lateral dimensions of TMDs, they possess photoluminescence (PL) property and this property has been used to study enzymatic activity and cell viability [66] . Furthermore, the direct band gap behavior in monolayer TMDs and layer independent direct bandgaps in BP and many MNs such as GaSe, GaS, GeS, and GeSe [63, 67] , have opened the scope for high performance photo transistors that can be used as ultrasensitive biosensors. Moreover, TMDs and MNs exhibit high stability in liquids due to a lack of dangling bonds which is important for FET biosensors used in biological environments. These 2D semiconducting materials can be easily doped with paramagnetic particles such as sodium, lithium, magnesium and aluminium which all have strong X-ray attenuation, and can be suitably used for computed tomography scanning imaging, magnetic resonance imaging and photoacoustic imaging of cancerous tumors [68] [69] [70] . Furthermore, many TMDs have ultra-high light and heat conversion efficiencies in the near-infrared (NIR) region (650-900 nm), hence they are also considered as perfect materials for photo-thermal induced therapy for tumors [20, 71, 72] . So far, TMDs have also been utilized for multifunctional nanoplatforms for drug/gene delivery, biological imaging, and multimodal therapy [73] . Hence, the consequent researches on 2D semiconducting nanomaterials including TMDs, MNs, BP etc., have shown broad range of bio-medical applications, such as various imaging prospects for cancerous cell/tissue, photo-thermal based cancer therapy, drug delivery, and bio-molecules sensing.
Large band gap 2D stage
2D nanomaterials having relatively high bandgap, especially higher than ~ 5 eV are included into this family. Generally, electronic properties of these nanomaterials fall in near to insulators. These 2D nanomaterials exhibit a unique combination of advantageous properties, including excellent electrical insulation, high thermal conductivity, high elastic modulus, excellent inertness and low friction coefficient [2] . The large band gap 2D nanomaterial h-BN has been found suitable for bio-applications. However, the strong hydrophobicity of this material has hugely limited bio-compatibility behavior and its potential application in bio-medical and bio-sensing fields. However, there are opportunities for developing a hydrophilicity nature on the surface of h-BN with many chemical functional groups such as hydroxyl [74] , alkyl [75] , acyl [76] , amino groups [77] , etc. Recently, h-BN hosted high performing quantum emitter has also been introduced [78] , which can be suitably applied for florescence imaging of biological cell/tissue. Towards the applications, h-BN has shown good adsorption of the doxorubicin drug which is used for killing cancer cells [79] . Moreover, coating of h-BN with SiO2 [80] or doping with europium doped sodium gadolinium fluoride (NaGdF4:Eu) [81] have increased the potential for adsorption of doxorubicin. Furthermore, such a doped h-BN can be advantageous for targeted treatment in drug delivery using an external magnetic field. Hence, 2D nanomaterials, especially, h-BN belong to this family has shown promising bio-medical applications; likewise drug delivery, releasing and destroying of cancer cell. However, much studies are required to elaborate their broad-range applications in bio/medical field. Tables 1 and 2 respectively, summarize applications of various types of 2D nanomaterials in medical and biosensing applications. 
Biomolecular functionalization effect on 2D nanomaterials
As explained earlier, 2D nanomaterials having a large surface area to volume ratio and bio-compatibility nature makes them suitable for bio-molecular functionalization. Hence, 2D nanomaterials can provide new opportunities for designing high performing bio-electronic or bio-optoelectronic devices. Bio-molecules and 2D nanomaterials collectively have significant nano technological potential for the development of extremely small devices with advanced functionality. Early 2D material studies have shown several results of ssDNA or dsDNA patterning in graphene and its derivatives that substantially increased electronic density and mobility [106, 107] . Observation of DNA molecules inducing doping effects in MoS2 [117, 118] , also inspired more investigations into bio-molecular functionalization in more 2D materials. [38] . A transistor with high on/off ratio is suitable for switching electronic devices [38] . Table 3 summarizes biomolecular functionalization effects on 2D nanomaterial based nano devices.
Advantages of 2D vdWs heterostructure platform for bio/medical applications
In the previous section, we discussed the research progress of bio/medical applications of 2D nanomaterials and bio-molecular functionalization effects of these nanomaterials for future bioelectronics devices. All those applications were derived from single 2D nanomaterials. Recently, fundamental studies on 2D vdWs heterostructures and nano devices have rapidly expanded. Tailoring the electrical, optical, optoelectronic or magnetic properties of the complementary materials has been observed in such 2D heterostructure due to possible band alignments in between complements. Such tailoring of material properties has led to the design of better performing nano devices. These highly performing nano-devices can lead to the design of much more efficient ultra-sensitive bio-sensors than those biosensors derived from a single 2D nanomaterial, due to the possible enhancement in electronic and optoelectronic properties. Similarly, enhancement in such types of material properties in heterostructure can be more effective in many medical applications. However, 2D vdWs heterostructure based devices are rarely reported in the literature. For the first time, Loan et al. demonstrated the ultra-sensitivity of a graphene-MoS2 monolayer heterostructure that detected DNA molecules down to atto-molar concentrations [121] . In this heterostructure, graphene receives electrons from monolayer MoS2 and the MoS2 becomes less n-doped. The less n-doped MoS2 PL is substantially influenced by additional doping or the addition of bio-molecules or chemical functionalities. Figure 2 shows the DNA sensitivity measurements for a graphene-MoS2 heterostructure (in dry state) through monitoring the PL of the MoS2 in the heterostructure. In this heterostructure, the graphene surface provides good adhesion for DNA molecules due to possible charge transfer from NH2 group of probing DNA to the graphene. The addition of complementary target DNA induces MoS2 PL increases, that continuously increases with increasing target DNA molecules. PL intensity is related to the charge provided by the target DNA, possibly charges associated with PO4 group. By contrast, there is no pronounced PL with varying of one base pair mismatched DNA due to no possibility of DNA hybridization, hence this technique is suitable for monitoring of target DNA molecular concentration. DNA sensitivity and real time PL measurement in aqueous solutions are more important for practical applications. PL monitoring of MoS2 in this heterostructure in DNA-buffer solutions also showed sensitivity of target DNA molecules up to 1 aM at the time indicated as shown in Fig. 2 contrasts in photoacoustic imaging. WS2:Gd 3+ -PEG nano flakes showed efficient tumour homing after intravenous injection. This study opened the possibility of in vivo cancer treatment with WS2:Gd 3+ -PEG, which could convert NIR light into heat for photothermal therapy and also enhance the ionizing irradiation-induced radiation therapy (RT) for tumor damage. Also, transmission electron microscopy image of as-synthesized WS2:Gd 3+ flake and scanning transmission electron microscopy with energy dispersive X-ray spectroscopy mapping of each elements residing in WS2:Gd 3+ flake as shown in Fig. 4 (c) show no any deformation in flake, and largely colocalized distribution of W, S, and Gd in WS2:Gd 3+ . This result suggests that 2D nanoflakes can be homogeneously doped with metal ions without any physical deformation in flakes. Hence, this study can be considered as a benchmark for the utilization of 2D vdWs heterostructure in multimodal bio imaging and synergistic cancer therapy.
Formation of stable colloidal 2D heterostructure

Formation of 2D heterostructure
The thin 2D material is typically prepared through mechanical exfoliation methods or seeding-promoter-assisted chemical vapor deposition (CVD) methods. In the mechanical exfoliation, the ultrathin layers of 2D materials are peeled off from the bulk natural crystals using scotch tape and then transferred to the designated substrate. This is usually done under an optical microscope, where the ultrathin 2D materials could be identified through the color contrast with substrates [123] [124] [125] . In CVD methods, the precursor of constituent materials is heated in the furnace to allow the chemical reaction to form the thin 2D materials on the substrate [126] [127] [128] . Other than these two techniques, few more techniques to synthesize 2D materials have also been demonstrated in much recent years, such as sonication-assisted exfoliation, solvothermal-assisted exfoliation, and chemical etching process [129] [130] [131] . The sonication-assisted strategy promotes the exfoliation process in liquid route, and the exfoliation process could be increased by matching the surface tension of solvent with that of bulk compounds [129] . The proper selection of solvent could stabilize the exfoliated nanosheets by preventing stacking and aggregation. Using polymer and surfactant could stabilize them under the sonication process. A solvothermal-assisted liquid-phase exfoliation technique is also an effective for preparing large size and high-quality 2D nanosheets. A solvothermal treatment weakens the vdWs forces of original bulk 2D crystals, and the subsequently ultrasonic processing can effectively exfoliate large size 2D nanosheets [130] . To the chemical etching technique, this process has been largely employed to synthesize MXene family by etching the group A element (in particular, Al) layers from the MAX phases with using of hydrofluoric acid (HF) [131] . The MAX phases are layered, hexagonal, early transition metal ternary carbides and nitrides with chemical structure of Mn+1AXn; where n = 1, 2, or 3, M is an early transition metal, A is an A-group element, and X is C and/or N.
To fabricate multiple 2D materials into heterostructure, one 2D material needs to be stacked on a specified position of another 2D material. A dry transfer technique is widely used to fabricate very clean 2D heterostructures. To this end, one type of 2D material can be typically exfoliated from bulk crystals by scotch tape and then transferred on the substrate; and in the same way, another 2D material can be firstly transferred on commercially available gel film. Then, using a 3D moving stage equipped with highly sensitive color CCD camera, deposit 2D material on gel film can be brought towards the initial substrate consisting first kind of 2D crystal until both 2D materials are in slight contact. Afterwards, gel film can be slowly peeled off from substrate leaving 2D material thereon. CVD processes use a relatively high temperature to activate the gaseous precursors and subsequent gas-solid phase reactions on the target substrates. In this process, growth temperature, substrate, gas flow, pressure, growth time, and cooling rate, etc., play a significant role in the growth process.
Towards the synthesis of 2D heterostructure, two steps CVD synthesis could proceed, i.e. synthesis of 2nd 2D material over the first 2D material. CVD methods can be suitably employed for the mass production of 2D heterostructures. Figure 5 shows the schematic illustration of scotch tape initiating mechanical exfoliation, dry transfer techniques, and CVD growth process of 2D materials and their heterostructures.
Once 2D heterostructure is synthesized on the substrate, making them freely dispersion in solvent/water is another task for their biological applications. In this regard, the silicon substrate can be selected for the growth/deposition of the 2D heterostructure, which can be spin-coated with polymethyl methacrylate (PMMA). Dilute HF or 1 M KOH can easily etch the silicon and free 2D heterostructure with PMMA can be obtained as floating on the chosen etchant, which can be used for application after substantial cleaning with distilled (Di) water. Furthermore cleaning of those 2D heterostructures with Acetone, IPA, ethanol and Di water can remove PMMA. Actually, polyvinyl alcohol (PVA) coated substrates can also be used to grow 2D heterostructure in dry transfer technique; in this case, Di water dissolves PVA and 2D heterostructure colloidal samples in water can be simply achieved.
Colloidal stability of 2D materials
Colloidal stability of the 2D nanomaterials is very important for the biological in-vivo and in-vitro applications. Solvents can stabilize interlayer interactions, preventing layers from separating each other. For instance, the stability of GO in water has been observed as superior to less polar solvents, but dimethyl sulfoxide (DMSO), which has a higher polarity than water, was unable to produce stable GO [132] . Also, graphene nanoplatelets modified with poly(vinyl alcohol) (PVA), hydroxyethyl cellulose (HEC), poly(ethylene glycol) (PEG), poly(vinyl pyrrolidone), chondroitin, glucosamine, and hyaluronic acid have also showed good stability and cytocompatibility [133] . Towards the TMDs materials, MoS2 sheets with lipoic acid-modified PEG has increased their stability and biocompatibility [19] . Many studies have also shown that their functionalization with thiol addition [134, 135] , addition of dibenzene thiophene [136] , aryl diazonium molecules [137] , and organohalides could improve dispersibility of TMDs in solutions [138] . Nowadays, molecular dynamics (MD) simulations are commonly utilized to elucidate the structural or mechanical properties of 2D materials [139, 140] . Hence, their biocompatibility and stability can be modulated by the suitable functionalization referring to the simulated results. However, there is still a great lack of detailed solution stability investigations for wide 2D materials.
Our vision: 2D heterostructure for future biomedical application and bioelectronics
Herein, we propose our ideas for the future scopes of 2D vdWs heterostructures in bio-medical applications such as bioimaging, cancerous cell diagnosis and therapy, drug delivery and release and anti-bacterial activities. Furthermore, we present the ultra-sensing potential of 2D vdWs heterostructures for very tiny amounts of various bio-molecules such as DNA, RNA or proteins. This type of 2D heterostructure based nano device can also be suitable for sensing various viruses such as HIV, hepatitis, viral pneumonia, tuberculosis, etc. Finally, we outline the potentials of bio-molecular functionalization of 2D vdWs heterostructures for future nano bioelectronics devices.
Bioimaging and cancer therapy
Fluorescence imaging of various biological components such as tissue, cell, DNA, RNA or proteins is required for both in-vivo and in-vitro medical analysis. Various florescence probes such as 4,4' ,4'' ,4''' ,-(ethene-1,1,2,2-tetrayl)tetraaniline (ETTA) [141] , tetraphenylethene (TPE) [142] , etc., usually after doping with rare-earth metal are most often used for bioimaging. Such doping of luminescent nanophosphores results in high photo stability, low cytotoxicity and inertness to environment conditions, such as pH, temperature and coexisting chemicals [143] . Nowadays, various nanomaterials including nano sheets, nano particles or dots are being widely employed for the fluorescence imaging of such biological targets [144, 145] . Most importantly, nano structures used for this purpose must be bright, non-toxic, biocompatible, water dispersible, degradable, and cell permeable. However, current researches have shown that many 2D nanomaterials suitably satisfy all these conditions. However, fluorescence emission of 2D nanomaterials is relatively weaker compared to many inorganic and organic nano structures band edge emissions. Thus, many engineering techniques such as chemical treatment, gate biasing, strain engineering, etc., have been demonstrated for enhancing florescence emission in 2D nano materials [146] [147] [148] [149] [150] . Chemical treatment of 2D nano sheets is usually employed to clean the surfactant in the lattice and fix the lattice vacancies with the supply of additional atoms and charge doping [146, 147] . Gate biasing is mainly employed for charge doping [149] , and strain engineering is used for band gap tuning, and increasing carrier mobility [148] . Moreover, recent computational studies have also shown that the formation of 2D heterostructures or superlattices may lead to a significant increase of fluorescence emission due to possible charge transfer or energy transfer during the band bending and photoexcitation [150] [151] [152] . 2D vdWs heterostructures that follow a type I band alignment such as WSe2/BP, WSe2/WTe2, TiS2/HfS2, etc., [153] allow the transferring of both electrons and holes from one complementary material towards the other. Hence, enhanced radiative recombination of carriers can be expected in this type of 2D vdWs heterostructure that makes it suitable for use in fluorescence imaging of biological tissues, cell, DNA, RNA, protein, etc., for both in-vivo and in-vitro applications. Towards this direction, as shown in Fig. 6 , we propose using WSe2/BP/WSe2 monolayer sandwich heterostructures, following bis(trifluoromethane) sulfonimide (TFSI) treatments, or vice versa. TFSI treatments will lead to the removal of impurities and fixing of defects due to the protonation technique [146] . A suitable laser light excitation induced in this type I band alignment 2D heteostructure [150] [151] [152] will result in significant enhancement of BP's emission due to highly enhanced radiative recombination. Hence, this type of heterostructure can be used for fluorescence imaging of various biological species as mentioned above. Also, this sandwich structure of BP with WSe2 can significantly minimize the possible fast degradation of BP.
Some studies have shown non/less-toxicity and biodegradable features in nanostructures [153] [154] [155] [156] [157] . However, the excretion of nano materials in in-vivo medical applications is a serious issue. Stripping of proposed 2D nano heterostructures with Bovine serum albumin (BSA) can be a suitable approach for the excretion of 2D nano materials after their use. This BSA is a protein like polymer, and further process the bio-compatible modification of 2D nano materials surface properties so that nano materials can be excreted after use [158] . In addition, BSA can absorb toxic substances and heavy metal ions. A WSe2/ BP/WSe2 heterostructure emits strong near IR emission which generates heat. Protecting healthy cells from thermal damaging during the in-vivo imaging for the diagnosis of cancerous cells or tissue is another serious issue. Chitosan modification of 2D heterostructures can address the thermal radiation concern with this 2D vdWs heterostructure. Previously, chitosan modification in MoS2 was demonstrated [159, 160] , which reduced the peak heat release of MoS2 by 14.6%. Hence, in-vivo bio imaging, both BSA and chitosan modification of WSe2/BP/WSe2 are recommended. But in-vitro imaging for a particular cell or tissue diagnosis may not require BSA modification, only chitosan modification may be needed for preventing thermal damaging.
Proposed 2D heterostructures can be suitably used for in-vivo tumor growth monitoring and thermal therapies. For this purpose, BSA modification 2D heterostructure is only required, and thermal emission can be utilized for killing tumor cells. Continuous red laser light irradiation on target tumor in-vivo or in-vitro will lead to fluorescence imaging and thermal therapies. Apart from WSe2/BP/WSe2 structure, another type I heterostructure consisting of MNs elemental groups, GeS/ GeSe/GeS with BSA and chitosan modifications can be suitably used for the same purpose. However, very few reports are available for GeSe and GeS. But the broad range emission from GeSe and possible electron and hole transfer from GeS into GeSe will open the possibility of an intense and wide range emission, which may be more suitable for fluorescence imaging for both in-vivo and in-vitro. Similarly, as the WSe2/BP/WSe2, TFSI treatment on a GeS/GeSe/GeS heterostructure would lead to cleaning of lattices, fixations of defects and increasing PL emission. In overall, choosing good crystalline 2D vdWs heterostructures following type I band alignment, and their modification with BSA or Chitosan or both can be effective for in-vivo fluorescence imaging and therapies or in-virto imaging of cells/tissues. Figure 6 schematically sketches all these possibilities of imaging, monitoring and radiation therapy of cancerous tissues/cell with proposed 2D vdWs heterostructures.
Though a 2D vdWs heterostructure deserves emerging potential towards bio-imaging and cancerous therapies, their studies at the in-vitro level is still limited. Also, knowledge related to immunomodulation, pharmacodynamics and pharmacokinetics profiles of 2D nanomaterials and their heterostructures is not very clear yet. Hence, future research direction must be towards the investigation of 2D nanomaterials in small as well as large animal models for the in-depth understanding of outcomes of these nanomaterials interactions inside a living host.
Nano-medicine
Nano-delivery systems are a new type of medicinal treatment that is rapidly developing. Materials in the nanoscale range are employed to serve as diagnostic tools or to deliver therapeutic agents or antibacterial agents to specifically targeted sites in a controlled manner. Nanotechnology can offer sequential medical benefits in treating chronic human diseases by site-specific, and target-oriented delivery of precise medicines. Recently, a few outstanding applications of nanomedicine such as delivering chemotherapeutic agents, biological agents, immunotherapeutic agents, etc. have been demonstrated [93] . Up to this date, nano materials are widely demonstrated for antibacterial performance following necessary drug delivery and release for destroying exiting bacteria and blocking for invasion [41, 43, 45, 94, 96, 161, 162] . More specifically, the high surface area to volume ratio in 2D nano materials makes them more suitable to load excess drugs and better antibacterial performance which has been observed [21, 163] .
Herein, we propose to further enhance antibacterial performances against many infectious diseases using 2D vdWs hetero-structures. The selection of suitable 2D vdWs heterostructures satisfying type II band alignments can be effective for antibacterial performance. This type of band alignment can provide excess numbers of free electrons and holes during the photo excitation, which can be used to catalyze many chemical agents to produce much more active oxygen species for antibacterial activities. As shown in Fig. 7 , we propose a MoS2-GeSe-MoS2 sandwich heterostructure loaded with ethylenediaminetetraacetic acid (EDTA) for antibacterial performance. As explained earlier, BSA and chitosan functionalization of MoS2-GeSe-MoS2 can be employed for in-vivo applications. Increased numbers of electron-hole pairs in MoS2 and GeSe during photo excitation can oxidize higher numbers of EDTA molecules. Following some reaction steps, A WS2-GeSe heterostructure can produce excess amount of H2O2 in local atmosphere, which is very suitable for antibacterial activities. This sandwich structure is proposed for protecting the fast degradation of GeSe.
Furthermore, we propose TMD based monolayer heterostructures, a MoS2/WSe2 heterostructure can be used for delivery and locally emitted IR radiation driven release of methylene blue (MB, biological stain mythlyne blue) in a target. MB is very useful to produce reactive oxygen species for the killing of cancerous cells for surgery-free in vivo cancerous treatment. The large surface area to volume ratio of 2D nanomaterials is suitable to load more MB. A type II band alignment in between MoS2 and WSe2 will assure optically excited excess free electrons and holes for oxidizing MB. Also, a red laser light irradiation of this nano structure will emit IR radiations which can help to unload MB molecules in a target. Red laser light can easily penetrate tissue and can be strongly absorbed in the proposed 2D vdWs heterostructure to emit intense IR radiation. This IR radiation will accelerate the release of more MB molecules, and photosensitizing of MB drugs will convert O2 into reactive oxygen species for cancer treatment [164] . So far, emitted IR radiation also partially contributes to killing cancerous cells. BSA modification of this 2D heterostructure also suggests the biocompatibility, adsorption of toxic byproduct and finally excretion of the used 2D nano structure. In overall, BSA modified suitable 2D vdWs heterostructures satisfying type II band alignments can be effective approach to use for drugs loading, delivery and uploading process in in-vivo medicare. Figure 8 demonstrates the detail scheme of MB drug delivery using a MoS2/WSe2 heterostructure in cancerous treatments.
However, in-depth understanding of these 2D nanomaterials stability in real biological environments is limited yet. A systematic investigation towards 2D material stability in in-vivo use, and potentials coating strategies for enhancing their stability will open much opportunities in their real time use. Furthermore study of the effect of local environment on cell growth in the presence of 2D nanomaterials will enable more reliable prediction of cytotoxicity. With addressing of the critical technological challenges, 2D vdWs heterostructure can offer overarching opportunities for next-generation healthcare technologies due to their extreme thinness, transparency, and mechanical strength.
Nano-bio-electronics and biosensing
Various ongoing research has introduced the high potential of 2D nanomaterials for future nano-electronics applications. However, increasing device performance is still highly demanded for real applications. Hybridization of 2D nanomaterials with other zero-dimensional (0D), one-dimensional (1D) or 2D nanomaterials has been widely demonstrated as a key way for the enhancement of electronic device performance [165] . Chemical treatment for reducing defects in the 2D crystal lattice [166] or doping [167] , and applying of additional strain with formation wrinkles [168] , have also been demonstrated as unique engineering approaches for nano electronic devices. With the inspiration of laterally stretching DNA molecules inducing significant enhancement of charge density (~1.4 × 10 13 cm −2 ), field effect mobility (from 0.2 to 22.4 cm 2 ·V −1 ·s −1 ) on monolayer MoS2 [38] , and the formation of 2D heterostructure enhancing electrical performance in different 2D vdWs heterostructures, we propose DNA molecules stretching over the hydrophilic surface [169] of 2D vdWs heterostructure would be an effective technique for the design of highly performing nano-electronic devices. Figure 9 shows a schematic design for a graphene/MoS2 heterostructure, and spin coating method to stretch DNA molecules over the 2D vdWs heterostructure lattice. A suitable wet transfer or dry transfer technique can be employed for the formation of the 2D heterostructure, and spin coating of suspended DNA molecules solution over the hetero lattice can form this type of structure [38] . Formation of graphene/MoS2 heterostructure itself is suitable for designing high field effect mobility FETs [170, 171] . Stretching of DNA molecules furthermore n-dope this hetero-lattice to increase charge density. Such stretching suitably provide tensile strain over the lattice such that electronic mass can be decreased and field effect mobility can be drastically enhanced, and high on/off ratio can also be expected [38] . This type of 2D vdWs heterostructure can broaden the scope of high performing nano-bioelectronic devices.
Furthermore, DNA stretching induced strain in the 2D lattice would be generated from the contact of DNA base pairs while they sit on the unit cell lattice [38] . Hence, careful monitoring of influences base pairs density for the probable strain on proposed 2D vdWs heterostructure lattice can lead to distinguish damaged DNA (cancerous DNA) and fresher DNA. This technique can be very helpful for in vitro diagnosis of genetic cancer. Similarly, considering the high FET performance of a graphene/MoS2 heterostructure, this structure can be very suitable for sensing technology for many bio molecules such as RNA, protein, glucose, enzymes, etc. and many various viruses such as HIV, hepatitis, viral pneumonia, tuberculosis, etc. [103] [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] [115] 172] . Hence, with considering of all those probable applications, 2D vdWs heterostructures can be promising material for various applications in bio-electronics, such as enhancing of nano device performance due to bimolecular integration, to use as highly sensitive bio-molecular sensors due to their promising response to bio-molecules, etc. However, for the real-time applications of 2D vdWs in bioelectronics, many probable barriers are still exist, for example; device packaging, integration with microfluidic systems, device durability etc., which should be seriously considered. In addition, better understanding of interactions of chemicals and biomolecules at the 2D interfaces, i.e., how such interactions affect electronic transport properties, the adsorption mechanism, orientation of biomolecules on materials, as well as physical and chemical properties of the intrinsic 2D materials surface, is hugely demanded.
Future wearable nano-technological applications of 2D heterostructure
In recent days, the design and development of wearable electronics for biomedical applications have gathered considerable attention in the scientific community and in industry [175] [176] [177] [178] [179] . Currently, available bio-medical sensing technology relies on rigid and inflexible electronic systems, which offers limitations with skin compatibility, and can be easily damaged by washing. Instead, wearable electronics systems can make easy and effective health care. These wearable systems are usually attached to human epidermal tissues, and used for the detection of diverse signals associated with human body such as blood pressures, pulse rate, etc. This system can be used for monitoring of surrounding environmental pollutants index as well, such as NOx, CO2, CO, Cl, etc. level. Hence, monitoring data related to physiological and environmental index, a wide range of clinical clues can be obtained which is very important for early diagnosis and prevention of many diseases. So far, wearable and wireless electronics sensor can be developed for the sensing of sugar, electrolytes, and alcohols in body with using of sweats coming out from skin pores. These wearable electronics systems have also provided opportunities for harvesting nano energy via piezoelectricity from body movements or peculiar organ movements such as blinking of eyes and bending of the knees. This energy can be used for self-warming of the body during winter or charging of mobile phone batteries, eye lens camera, etc. However, acceptance of this approach depends strongly on the cost, wearability, usability and performance of devices.
For the development of wearable electronic devices for various medical and energy harvesting purposes, 2D nano material families can be a better choice as they possess many unique properties and highly targeted control [175] . Quantum confinement effects carrying with 2D nanomaterials also assure the leading novel electronics and optoelectronics applications. Developments of such devices do not require any sophisticated techniques; simple spin coating, spray coating or inject printing can be employed. This is of great significance to cost and effective industrial manufacturing. Most importantly, some peculiar properties such as terrific mechanical strength, flexibility and optical transparency carrying with 2D layered materials due to strong inter-plane chemical bonding and ultrathin thickness can make them the most suitable materials to be used in future wearable devices. As explained in previous sections, formation of heterostructures is an effective way of enhancing the performance of such possible wearable nano devices. An outline of the future clinical applications and energy harvesting of such nano devices based on 2D vdWs heterostructures can be proposed according to the flow chart and schematic as shown in Fig. 10 . Considering 2D nanomaterials compatibility with various chemical functional groups and metallic ions available in the human body, a highly sensitive sweat based wearable 2D nano device can be developed. This type of device can monitor body metabolism with sensing of glucose, electrolyte or alcohol This study may be very important for self-health awareness. A unique sound detector for infra-and ultra-sound can also be designed based on 2D vdWs heterostructures, that utilizes resonating sound frequency to produce mechanical vibration on the 2D vdWs lattice, which can be converted into electrical signals. Utilizing the piezoelectric properties of 2D vdWs heterostructures, nano devices can be designed for self-warming of the body during winter, self-charging of cell phone batteries, etc. Blinking of the eyes also can be utilized to produce nano energy suitable for charging of eye lens camera. As MoS2 was demonstrated as the thinnest contact lens [180] , single 2D nanomaterials and more efficient 2D vdWs heterostructures may be suitable for enhancing visual viewing. In overall, 2D vdWs heterostructures are highly potentials nanomaterials for wearable and implantable bioelectronics. 2D material-based soft bioelectronics can pave the way for high-quality diagnosis and effective treatment for various diseases through a long-term conformal bio integration.
However, there are still few challenges in applying 2D materials to wearable bioelectronics; for examples; some layered 2D materials including BP, MNs can be easily oxidized, which severely degrades the device performances. Therefore, it is necessary to develop novel patterning and integration technologies that hardly cause damage to other layered materials. Extensive studies to optimize soft bioelectronics by utilizing the unique features of 2D materials would offer unprecedented opportunities for personalized healthcare.
Bio/2D materials human health concern
Along with various emerging bio-medical scopes of 2D nanomaterials, bio safety issues with these materials are also important concerns to the scientific community. An intensive study of biocompatibility of nanomaterials, the ability of materials to interact with cells, tissues or organisms without causing harmful effects, is seriously required. Graphene and its derivatives have not shown any sign of cytotoxicity for the stem cell cultures, and the cell signaling molecules involved in the cardiomyogenic [181, 182] . Functionalized rGO has been found as a biocompatible, and also highly stable in water; this exhibits good cytocompatibility towards endothelial cells even at very high concentrations [183] . Injected thin GO sheets functionalized and radiolabelled with In-111 were also excreted rapidly in the urine without causing kidney damages [184] . In particular, GO particles were found to induce oxidative stress at low concentration, while mild toxicity was observed after exposure to high concentration [184] . However, a contradictory result of DNA damaging with GO, and null effect with rGO has also been observed [185] indicating that nanomaterial toxicity can be minimized with the presence of oxygen-containing groups on the surface of the nano particles. In generalization, carbonor graphene-based nanomaterials are found to be safe and show only mild or no toxicity. Towards TMDs, the role of chalcogen atoms in the cytotoxicity of TMDs was investigated [155, 186] , the release of the chalcogens exhibited noticeable toxicity. Particularly, selenium and vanadium play an important role in the toxicity, and ditellurides show higher cytotoxicity than those containing disulfide [187] . Regarding dose-dependent toxicity of 2D materials, Teo et al. observed dose-dependent toxicity with selenium and tellurium based TMDs; and sulfide based TMDs were found to be the least toxic [188] . BP is generally considered to be non-toxic and bio-degradable due to the naturally occurring phosphorus in the human body. The cytotoxicity of BP was determined to be intermediate between that of GO and TMDs [156] . However, BP sheets exhibited dose-dependency toxicity in human lung carcinoma epithelial cells [156] . Towards MNs, GeS and GaSe have been observed as non-toxic nanomaterials [189] . Actually, considering the in vivo impact of nanomaterials, their functionalization is very important for decreasing of their possible toxicity [155] . For example, PEGylation of MoS2 endows the nanocomposite with enhanced biocompatibility and a more favorable pharmacokinetic profile [190] , the drug-loaded PEGylated BP nanosheets showed excellent long circulation confirmed by pharmacokinetic experiments, good biocompatibility, and enhanced antitumor effects both in vitro and in vivo [100] . Table 4 also summarizes comprehensive health hazardous study of various 2D nanomaterial, some techniques for reducing their toxicity effects. Recently, hazard assessments of 2D nanoparticles based on materials composition, lateral size, thickness, and crystal lattices have also been demonstrated [187] . Conclusively, surface functionalization of nanomaterials can effectively achieve the biocompatibility and absorb surrounding toxic chemicals. Hence, we have also proposed BSA or Chisotan or both chemicals modifications in proposed 2D vdWs heterostructure for assuring less/null toxicity, absorbing toxic materials and making them biodegradable. However, standardized guidelines for assessing the nanoparticles toxicity is highly demanded.
Conclusions and prospects
In conclusion, we reviewed the biocompatibility nature of various 2D materials and their uses in bio-sensing and medical fields. With the influence of enhancing/tailoring of materials properties in 2D vdWs heterostructure, we strived to manifest the application scopes of 2D vdWs heterostructure in future bio/medical technology and bioelectronics. This review has outlined the potential of 2D vdWs heterostructures for sensing various types of bio-molecules, such as DNA, RNA, Protein, glucose, etc. Moreover, bio-molecular modifications of 2D heterostructure benefit design efficient nano bio-electronic devices such as diodes with enhanced conductivity, transistors with enhanced mobility and on/off ratio, etc. In addition, it has offered opportunities to revolutionize medical strategy, employed in-vivo/in-vitro bio-imaging, diagnosis and therapy of cancerous cells using 2D vdWs heterostructures. Furthermore, these 2D heterostructures could be effectively used for drug delivery inside the human body, and antibacterial activities against many bacterial cells such as Escherichia coli, Streptococcs, Colibacillus, Bacillus subtilis, Pseudomonas aeruginosa, etc. This review attempted to demonstrate the scope of 2D vdWs heterostructures in wearable future electronics for early medical diagnosis, energy harvesting, etc. The antibacterial performances, biodegradability, and less/non-toxic surface nature of 2D heterostructures also retain excellent biosafety. 
